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CHAPTER 1. GENERAL INTRODUCTION 
 
Potato is the most important vegetable crop and the forth most important food crop in the 
world (Fernie and Willmitzer, 2001). The edible portion of the potato plant, the tuber, is 
formed from a modified underground stem called a stolon.  Under inductive conditions, 
morphological changes in the sub-apical region of stolons create a strong sink for 
photoassimilates and results in the formation of tubers, a process called tuberization (Viola et 
al., 2001; Xu et al., 1998). Tuberization is the primary method of reproduction for tuber-
bearing potato species and is directly related to potato production. 
Tuberization is controlled by both endogenous and environmental factors, including light 
intensity, photoperiod, temperature, carbohydrate metabolism, gibberellins (GA), abscisic acid 
(ABA), jasmonates and cytokinin (Ewing and Struik, 1992; Hannapel et al., 2004; Jackson, 
1999; Krauss, 1985; Snyder and Ewing, 1989; Xu et al., 1998). Commercial varieties of 
Solanum tuberosum form tubers independent of day length, whereas Andean species (S. 
tuberosum ssp. andigena or S. demissum) are strictly dependent on short-day (SD) 
photoperiods to tuberize. The study of photoperiod-dependant potato species has led to the 
development of a tuberization model involving a mobile signal, tuberigen that is sent from 
induced leaves to underground stolons to induce tuberization (Chailakhyan et al., 1981; 
Chapman, 1958; Gregory, 1956; Kumar and Waring, 1973).  From these studies, a number of 
putative tuberigens have been identified, each having different modes of action (Banerjee et al., 
2006; Martin et al., 2009; Navarro et al., 2011). 
One putative tuberigen identified in S. tuberosum ssp. andigena is a transcript designated 
StBEL5 (Banerjee et al., 2006). StBEL5 and its partner, POTH1 function in tandem as 
transcription factors to down-regulate GA biosynethsis genes in developing stolons and 
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promote tuberization (Chen et al., 2003; Chen et al., 2004; Rosin et al., 2003). Although 
StBEL5 is expressed ubiquitously, an accumulation of the StBEL5 transcript occurs in stolons 
grown under inductive SD conditions. Furthermore, an analysis of the StBEL5 promoter 
revealed specific expression in phloem tissues and activation by light (Chatterjee et al., 2007). 
These studies support that the StBEL5 transcript acts as a photoperiodic tuberigen to induce 
tuberization under inductive conditions. 
StBEL5 and other non-cell autonomous RNA (NCAR) are hypothesized to move through 
the phloem as part of RNA/protein complexes (Hannapel, 2010; Lucas et al., 2009). In this 
model, RNA-binding proteins form complexes with specific target transcripts in phloem 
companion cells to mediate symplastic loading into sieve elements and long-distance transport. 
Once transported, the RNA/protein complexes are unloaded and target transcripts are released 
to complete expression in sink tissues.  Given this model, the mobility of StBEL5 and other 
NCAR are limited to the co-expression of associated RNA-binding proteins within source and 
sink tissues.  
CmRBP50 is a polypyrimidine tract-binding (PTB) protein identified in the phloem sap of 
pumpkin and is proposed to act as the core of a RNA/protein complex (Ham et al., 2009; Li et 
al., 2011). Support for this function came from establishing CmRBP50 expression in phloem 
tissues (Ham et al., 2009). To learn more about the function of PTBs in potato, the expressions 
of two potato PTB-like homologs of the CmRBP50 gene, StPTB1 and-6 were evaluated in 
potato promoter::GUS transgenic lines. The objectives of this study were to: a) Clone and 
analyze upstream sequence of StPTB1 and -6; b) Establish tissue-specificity of each promoter; 
and c) Investigate any potential roles in development or responsiveness to environmental 
factors. The results of this study have been organized into a manuscript entitled “Promoters of 
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polypyrimidine tract-binding (PTB) proteins of potato are phloem-specific and active during 
early tuberization” to be submitted to the Journal of Experimental Botany for publication. The 
manuscript is formatted according to the requirements of the journal and is followed by 
General Conclusions of the study.  
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CHAPTER 2. PROMOTERS OF POLYPYRIMIDINE TRACT-BINDING  
 
(PTB) PROTEINS OF POTATO ARE PHLOEM-SPECIFIC AND  
 
ACTIVE DURING EARLY TUBERIZATION 
 
 
A paper to be submitted to the Journal of Experimental Botany 
 
Nathaniel M. Butler and David J. Hannapel 
Interdepartmental Plant Biology Major (N.M.B., D.J.H.), Department of Horticulture,        
Iowa State University, Ames, Iowa 50011-1100 
 
Summary  
Polypyrimidine tract-binding (PTB) proteins are RNA-binding proteins that target specific 
RNAs for post-transcriptional processing by binding CU-rich motifs. PTBs have established 
functions in a range of RNA processes including splicing, translation, stability, and long-
distance transport. Six PTB-like genes identified in potato have been grouped into two clades 
based on homology to other known plant PTBs.  StPTB1 and StPTB6 are closely related to a 
PTB protein discovered in pumpkin, designated CmRBP50, and contain four canonical RNA-
recognition motifs. CmRBP50 is expressed in phloem tissues and functions as the core protein 
of a phloem-mobile RNA/protein complex. Sequence from the potato genome database was 
used to clone the upstream sequence of these two genes and was analyzed to identify conserved 
cis-elements. Whereas a number of elements were identified, the promoter of StPTB6 was 
enriched with regulatory elements for light induction and defense. Cloned promoter fragments 
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were fused to -glucuronidase and monitored in transgenic potato lines. The expression of each 
gene was complementary in most tissues analyzed with StPTB1 expression exclusively in the 
phloem and StPTB6 in ground tissues including leaf mesophyll. Limited overlapping 
expression was observed in root phloem and stolons and tubers where StPTB6 was induced 
during early stages of tuberization and in response to sucrose. Sequence from StPTB6 
contained sucrose and tuber-specific elements similar to those observed in the promoters of 
major tuber storage proteins. These results suggest that expression of CmRBP50-like proteins 
of potato is tissue-specific and linked to both developmental and environmental cues. 
 
Introduction  
The polypyrimidine tract-binding (PTB) family of proteins represent a multifunctional 
group of proteins that binds mRNAs at polypyrimidine-rich motifs and have been implicated in 
a range of RNA metabolic processes (Auweter and Allain, 2008; Sawicka et al., 2008). PTBs 
function by regulating mRNA stability (Tillmar et al., 2002), splicing (Auweter and Allain, 
2008), long-distance transport and translational repression (Ham et al., 2009; Besse et al., 
2009) through the action of four distinct RNA-recognition motifs (RRM). Each RRM is 
formed by 4 to 5 β-sheets and contains 6 to 8 conserved amino acids, designated RNP1 and 
RNP2, that interact with CU-motifs of target RNA (Auweter and Allain, 2008). In Arabidopsis, 
three PTB genes have been identified (Stauffer et al., 2010; Wang and Okamoto, 2009). 
Analysis of promoter::GUS fusion transgenic lines of two of the three PTB-like genes, AtPTB1 
and -2, revealed expression throughout vegetative and reproductive tissues, with strong 
promoter activity in root tips, leaf veins, trichomes, and mature pollen grains. Double knock-
out mutants of both AtPTB1 and -2 displayed a reduction in pollen germination efficiency 
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(Wang and Okamoto, 2009). Both AtPTB1 and -2 contain only three RRMs. The third 
Arabidopsis homolog, AtPTB3 (At1g43190), contains four RRMs, shares only 53% sequence 
similarity with AtPTB1 and -2, and exhibited less effect on alternative splicing of AtPTB2 pre-
mRNA constructs (Stauffer et al., 2010). Despite our understanding of their role in RNA 
metabolism, the biological function of this divergent group of PTB proteins in regulating 
processes specific to plant development is not entirely clear.  
A homolog of AtPTB3, designated CmRBP50, was identified in the phloem sap of 
pumpkin (Cucurbita maxima) (Ham et al., 2009). Immunodetection, cross-linking, and 
heterografting experiments demonstrated that CmRBP50 was the core protein of a phloem-
mobile RNA/protein complex that moves across graft junctions. This complex contained 
sixteen proteins and six mRNAs. Results from in situ RT-PCR and in situ hybridization 
indicated that the CmRBP50 transcript accumulated in companion cells, whereas the 
CmRBP50 protein was detected in both companion cells and sieve elements. Assembly and 
function of the CmRBP50 complex seems to be dependent on phosphorylation of the 
CmRBP50 protein, adding another layer of control for CmRBP50 as a RNA/protein chaperone 
(Li et al., 2011). Based on these results, it is likely that CmRBP50 and its orthologs act as 
molecular chaperones by coordinating their expression, translation, and post-translational 
modification with the transport of phloem-mobile mRNAs and proteins present in companion 
cells.  
Six PTB-like genes of potato (Solanum tuberosum) have been identified from genomic and 
expression database searches and can be classified into two groups based on protein sequence. 
One group has two members related to CmRBP50, designated StPTB1 and StPTB6, whereas 
the other four share similarity with AtPTB1 and -2. Members of this latter group of plant PTB 
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proteins lack a conserved RRM-4 and appear to serve a divergent role relative to the 
CmRBP50-types (Stauffer et al., 2010). To investigate the function of CmRBP50-like PTBs in 
potato, the upstream sequence of two potato PTB genes, StPTB1 and StPTB6, were 
characterized and fused to a β-glucuronidase (GUS) marker for expression analysis. Transgenic 
lines displaying GUS activity were analyzed revealing phloem-specific activity of StPTB1 in 
petioles and stems and induction of StPTB6 during the early stages of tuberization. These 
results suggest a specialized role for PTB proteins in regulating endogenous and 
environmental-cued post-transcriptional events that influences plant development. 
 
Results 
Cloning PTB gene promoters of potato and screening transgenic lines 
The potato genome contains six genes encoding PTB proteins. Two of these, StPTB1 and -
6, closely match CmRBP50 at approximately 85% amino acid sequence identity. To learn more 
about the expression of these two PTB genes, upstream sequence of StPTB1 and -6 were 
cloned and fused to the β-glucoronidase gene reporter (GUS) using sequence data from the 
Potato Genome Sequencing Consortium database 
(http://potatogenomics.plantbiology.msu.edu). StPTB1 was cloned with 1,817 bp upstream 
sequence and a complete 5´ UTR, including a 656 bp intron (Figure 1A). StPTB6 was cloned 
with 1,868 bp upstream sequence and a complete 5´ UTR, including a 1,654 bp intron (Figure 
1B). Differences in intron lengths within the 5´ UTRs of StPTB1 and -6 revealed unique gene 
structures characteristic of each gene. To investigate the significance of this observation, 
orthologous genes of tomato (Solanum lycopersicum) were identified and compared to StPTB1 
and -6 (Table S1). The characteristic gene structures established by StPTB1 and -6 were 
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conserved with their tomato orthologs demonstrating the potential significance of the intron 
across Solanum species.  Once cloned, each promoter::GUS construct, designated StPTB1prom 
and StPTB6prom, was transformed into potato using Agrobacterium tumefaciens and screened 
using PCR (Figure S1) and X-gluc staining (Figure S2). Three representative lines for each 
construct with the highest levels of GUS activity were selected and propagated for further 
analysis.  
 
Promoter activity of whole plants  
Both soil-grown and in vitro plant materials from representative lines were stained and 
analyzed to determine the pattern of GUS activity for each promoter. StPTB1 prom lines 
displayed discrete staining within stems and petioles (Figure 2A, arrows) and in leaf veins 
(Figure 2B, arrows). The strongest activity was observed in the upper stem and in primary 
roots (Figure 2C, arrow). This pattern of GUS activity was consistent among other independent 
lines (Figure S2). In contrast, StPTB6prom lines displayed robust staining throughout fully-
expanded leaves and in the upper stem (Figure 2D-E, arrows). Staining was also observed in 
both primary and secondary roots (Figure 2F). GUS activity in leaves of StPTB6prom lines was 
generally restricted to the mesophyll with very little staining in major veins. It appeared that 
StPTB1 and -6 promoter activities were complementary in leaves, with only minimal overlap. 
 
Localization of promoter activity 
Distinct staining patterns across StPTB1prom and StPTB6prom lines suggested tissue-specific 
activity of each promoter and warranted further investigation using microscopy and GUS 
quantification. Staining materials were prepared for histochemical detection of GUS activity or 
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quantification using a fluorometric MUG assay. Transverse sections of primary roots revealed 
StPTB1prom activity in the phloem (Figure 3A, arrow) and strong activity in primary roots 
(Figure 3A, graph). In contrast, StPTB6prom activity was stronger in secondary roots with over a 
threefold increase from primary roots (Figure 3A, graph). Manual dissection of stem sections 
showed StPTB1prom activity throughout phloem tissues, with strong GUS activity in external 
and internal phloem (Figure 3B, arrows). StPTB6prom activity in stems was generally confined 
to interfascicular regions between vascular bundles (designated by dotted circles in Figure 3C), 
with some activity in external phloem and stem ridges (Figure 3C, arrow). Overall, the 
difference in GUS activity across the upper and lower stem of both promoters was insignificant 
(Figure 3B-C, graphs). The observation that StPTB1prom activity is restricted to phloem tissues 
of vascular bundles and StPTB6prom predominately to the tissues surrounding vascular bundles 
(Figure 3C) supports the premise that StPTB1 and 6 exhibit tissue-specific expression patterns 
consistent with putative dedicated functions.  
To examine promoter activity in greater detail, transverse sections of stained internodes of 
StPTB1prom and StPTB6prom lines were prepared and visualized (Figure 4).  At low 
magnification, GUS staining was difficult to detect (Figure 4A). At high magnification, 
however, discrete staining was observed throughout external phloem (EP) layers with some 
staining within the internal (IP) phloem (Figure 4B), consistent with previous observations of 
stem materials. In contrast, StPTB6prom activity was detected throughout ground tissues with 
less intensity than StPTB1prom lines (Figure 4C-D). StPTB6prom activity was absent in vascular 
bundles (Figure 4C) and restricted to rows of stacked cells in interfascicular regions (Figure 
4D, arrows). These rows of stacked cells are likely sclerenchyma cells that are typically 
elongate, spanning longitudinally through the stem, giving the cells a small, round appearance 
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as seen in Figure 4D. Activity within leaf tissues was also examined in transverse sections of 
petioles and leaves (Figure 5). StPTB1prom activity was consistently observed throughout 
adaxial (AdP) and abaxial (AbP) phloem of petioles at both high (Figure 5A) and low (Figure 
5B, arrows) magnification. Specific StPTB1prom activity can be observed in companion cells 
(cc) but not sieve elements (se) of petiole phloem (Figure 5A, arrows). In leaves, StPTB6prom 
activity was not localized to vascular cells of the midvein (Figure 5C, dotted circle), but was 
abundant in the epidermis (Ep) and parenchyma (PP, SP) of adjacent leaf blades (Figure 5C, 
arrows). This more diffuse, nonspecific pattern of expression in leaf blades is consistent with 
previous observations of StPTB6prom activity within leaves (Figure 2E). Robust StPTB6 
promoter activity in leaf mesophyll may reflect regulation by light or other environmental cues.  
 
Promoter activity in stolons and tubers 
To investigate StPTB1prom and StPTB6prom expression during the stolon-to-tuber transition, 
stolons and tubers were harvested from mature soil-grown plants and separated into four 
categories based on their developmental stage (Fernie and Willmitzer, 2001). GUS staining 
suggested StPTB6prom expression was stronger in stolons than new tubers (Figure 6A, right 
column), whereas GUS staining of StPTB1prom stolons and tubers was essentially the same 
(Figure 6A, left column).  Quantification of the activities in these materials revealed a fivefold 
increase in StPTB6prom expression in early, induced stolons compared to bulking tubers (Figure 
6B, black bars), whereas StPTB1prom was unaffected (Figure 6B, gray bars).  
To explain StPTB6 activation during early tuberization, the StPTB6 promoter sequence was 
searched for tuber and sucrose inductive motifs. Three putative tuber-specific sucrose 
responsive (TSSR) elements present in the promoters of class I patatin and proteinase inhibitor 
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II genes (Grierson et al., 1994) were identified in the promoters of StPTB6 and its tomato 
ortholog, but not StPTB1 (Figure 6C). Alignment of the putative motifs from StPTB6 (TSSR1-
3) with patatin promoter sequences revealed conserved repression and A-box sequence within 
TSSR2 and -3 (63 and 56%; 74 and 61%, respectively) and a conserved B-box within TSSR2 
(59%) responsible for tuber-directed expression at positions analogous to the patatin promoter 
(Figure 6D; Figure S3). Conservation of these elements is consistent with early tuber induction 
of StPTB6 promoter activity and suggests StPTB6 may have evolved tuber-specific activity in 
relation to a putative role in potato tuberization.  
 
Response to environmental cues 
The identification of TSSR elements within the promoter of StPTB6 was consistent with its 
developmental pattern of activity. Other putative regulatory elements in the promoters of 
StPTB1 and -6 were identified by using promoter analysis software (Table 1). A subset of 
elements identified within the potato promoters were conserved with their tomato orthologs 
(Table 1, No. conserved). To test the responsiveness of each potato promoter to select 
environmental cues, a leaf assay was utilized (Korobczak et al., 2005). Based on the putative 
functions associated with elements conserved with tomato (Table S2), the effects of light, heat, 
and sucrose were tested using cold treatment as a negative control having no conserved 
elements in either promoter (Figure 7).  
As expected, only a slight enhancement of basal activity was observed for both promoters 
under cold conditions (Figure 7A). Both heat and light treatments induced StPTB promoter 
activity in a dose-dependent manner after 12 and 24 hours (Figure 7B-C). StPTB6prom activity 
was induced three- and fivefold, respectively, whereas StPTB1prom activity was induced 
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twofold in response to both treatments after 24 hours. These induction levels correlate with the 
number of response elements identified within each promoter. For example, StPTB6 contains 
14 light responsive elements, whereas StPTB1 contains 7, and neither contain any conserved 
cold elements (Table 1).  
Because of the presence of multiple defense elements in the PTB promoters, the effect of 
wounding on promoter activity was also tested (Figure 8). Of the elements conserved with 
tomato, StPTB6 contains 8 defense elements and StPTB1 contains 4 (Table 1). GUS staining 
assays were performed with mechanically wounded petioles revealing a strong induction of 
StPTB6prom activity, whereas StPTB1prom petioles exhibited very little response (Figure 8, left-
side panels). Upon wounding, GUS activity was quantified in petioles after 0, 12, 24, 48, and 
72 hours (Figure 8, graph). Whereas, StPTB1 showed no induction, StPTB6 activity was 
rapidly induced after 12 hours but returned to basal levels after 24 hours. The correlation of 
defense elements within the promoter of StPTB6 and a strong wound response suggest a 
potential role for StPTB6 in plant defense.  
 
Discussion 
Complementarity of StPTB promoter activity 
In this study, expression of two CmRBP50-like PTB genes of potato (StPTB1 and -6) was 
evaluated in promoter::GUS transgenics to learn more about the roles of PTBs in plants. The 
promoters of two related PTB genes of Arabidopsis (AtPTB1 and -2) were reported to have 
almost identical expression profiles in promoter::GUS transgenics with differences only in the 
intensity of staining within reproductive tissues (Wang and Okamoto, 2009). These 
observations imply a functional redundancy typical of paralogous genes with high similarity 
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and are supported by evaluations of knock-out mutants of other PTB genes (Spellman et al., 
2007). In the current study, however, these two related StPTB genes exhibited a similar degree 
of sequence match (94% amino acid similarity) yet significantly different expression profiles 
based on promoter activity. Histochemical analysis of lines expressing the StPTB1prom construct 
revealed consistent activity in vascular bundles throughout petioles, stems, and roots. 
StPTB6prom lines exhibited GUS activity in the phloem of roots (Kang et al., 2012), in ground 
tissues of stems and petioles, with restricted activity in vascular bundles. StPTB6prom activity 
was most predominant in leaf mesophyll (Figures 2D-E and 5C) and was strongly induced in 
secondary roots (Figure 3A) and during early tuber induction (Figure 6B). StPTB6prom activity 
is more responsive to wounding than StPTB1prom (Figure 8). In general, these promoter profiles 
reflect complementary patterns of activity.  
 
Phloem-associated expression of potato PTB genes 
The phloem has been well established as the vascular conduit responsible for long-distance 
movement of photoassimilates and other leaf-derived signals (Kehr and Butz, 2008; Lucas et 
al., 2009).  Both proteins and RNAs are among the signal molecules known to employ this 
intricate system to direct crucial developmental events (Haywood et al., 2005; Banerjee et al., 
2006; Turck et al., 2008). The best example of a mobile RNA/protein complex is the 
CmRBP50 protein with its six RNA partners discovered in pumpkin phloem sap (Ham et al., 
2009). Another example is the mobile RNA from potato, StBEL5, that functions as a RNA 
signal to induce tuber formation (Banerjee et al., 2006). StBEL5 is transcribed in the phloem of 
petioles and leaf veins and is transported to the tips of stolons to promote tuberization 
(Banerjee et al., 2006). Sequence from the untranslated region of the StBEL5 RNA interacts 
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with StPTBs and over-expression of the StPTBs enhanced steady-state levels of StBEL5 in leaf 
veins and stolon tips (Kang et al., 2012). Here it is noteworthy that the StPTB1 promoter is 
active in companion cells of phloem in the petiole and stem, but not in sieve elements. Similar 
to the phloem-specific pattern of expression of StPTB1, CmRBP50 transcription appears to be 
specific to companion cells, whereas CmRBP50 protein is detected in both companion cells 
and sieve elements (Ham et al., 2009). StPTB1prom activity was detected exclusively in 
companion cells of the stem (Kang et al., 2012) and petiole (Figure 5A). Transcriptional 
activity of StBEL5 was observed in the companion cells of petioles (Banerjee et al., 2006). 
These results suggest a biological interaction of StPTB1 with StBEL5 in the source tissues of 
RNA generation in both leaf veins and petioles.    
 
Potential roles of PTB genes in tuberization 
Several genes have been associated with tuber formation by their expression during the 
initial stages of tuberization (Crookshanks et al., 2001; Fernández-del-Carmen et al., 2007). 
For example, a GA2-oxidase gene is induced during tuberization more than seventyfold prior 
to stolon swelling (Kloosterman et al., 2007). Starch synthesis and sucrose metabolism genes 
are also rapidly induced during the onset of tuber formation (Visser et al., 1991; Appeldoorn et 
al., 2002). Patatin, the major tuber storage protein, and several proteinase inhibitors accumulate 
as the stolon transitions to a tuber (Hannapel, 1990; Hendricks et al., 1991). These storage 
proteins eventually make up over 80% of the protein present in a mature tuber. The early 
induction of patatin is controlled by cis-elements that respond to sucrose and tuber 
development designated TSSR (tuber-specific, sucrose-responsive) motifs (Grierson et al., 
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1994). Components of the tuber-specific elements (B-box) are also present in the promoters of 
sucrose synthase (Fu et al., 1995) and proteinase inhibitor II (Palm et al., 1990).  
Assays of tuberizing stolons from StPTB1prom and StPTB6prom lines revealed that StPTB6 
expression was strongly induced during the early stages of tuberization, but gradually decreases 
as the new tuber is formed (Figure 6B). Activity of StPTB1 is relatively low during early and 
late stages of tuberization. Induced stolons of this early developmental stage (stage s1) have not 
yet begun to swell but may act as competent sinks for tuber formation. For example, these early 
phase stolon tips may accumulate sucrose prior to activation of starch biosynthetic enzymes 
(Fernie and Willmitzer, 2001). StGA2ox1, which produces inactive forms of GA and is an 
important marker for tuber formation, is upregulated prior to any detectable swelling in the 
subapical region of the stolon tip (Kloosterman et al., 2007). The promoter of StPTB6 but not 
StPTB1 was also activated by sucrose (Figure 7D), and contains TSSR elements, similar to 
those identified in the patatin promoter (Grierson et al., 1994). These include two complete and 
one incomplete TSSR elements are located in positions comparable to the patatin-1 (pat-1) 
promoter (Grierson et al., 1994; Figures 6D and S3). The proximal element (TSSR.patatin, 
Figure 6D) of the three was determined to be sufficient for tissue-specificity and sucrose 
induction in the pat-1 promoter (Grierson et al., 1994).  TSSR2 exhibited the most sequence 
conservation among the TSSR motifs between the StPTB6 and patatin promoters (59% for the 
B-box and 74% for the A-box, Figure 6D). This same element was also conserved in the 
StPTB6 ortholog of tomato with a 74 and 100% match to the A-box of TSSR2 of the patatin 
and StPTB6 promoters, respectively (Figure S3). Enhanced promoter activity during very early 
stages of tuberization and the presence of the TSSR elements in the promoter of StPTB6 
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support the premise that PTB proteins play an important role in post-transcriptional events 
associated with tuberization.  
 
 
Materials and methods 
Identifying PTB-like promoter sequences in potato and tomato 
The coding sequence of CmRBP50 was used to BLAST the DFCI Gene Index EST 
database (http://compbio.dfci.harvard.edu/about.html) to identify homologs in potato. Multiple 
ESTs were discovered and subsequently used to search the Potato Genome Sequencing 
Consortium genomic database. Six individual PTB-like genes were identified on separate BAC 
clones from the Solanum phureja scaffold whole-genome assembly (CIP801092). Two of the 
six, StPTB1 and StPTB6, were determined as being most homologous to CmRBP50 and were 
used in this study. Tomato orthologs of StPTB1 and StPTB6 were discovered using the coding 
sequences of each gene and the BLAST tool provided by the Sol Genomics Network 
(http://solgenomics.net/). 
 
Cloning and plant materials 
Primers were designed to amplify promoter fragments starting approximately 1.8 kb 
upstream of the transcriptional start site to the beginning of the coding sequence of each gene. 
SalI and BamHI sites were introduced for cloning into the pBI101.1-GUS binary vector 
(Jefferson et al. 1987) having the following sequences with restriction enzyme sites underlined 
and italicized: StPTB1-5´ AGTGTCGACGGTCTTGTCCCGACTTCCATC 3´, 5´ 
GTCGGATCCGGATCAGACAATTATACCTGAATCAC 3´, StPTB6-5´ 
AGTGTCGACGCACAATAGCGATAAAATGACATAGTTC 3´, 5´ 
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GTCGGATCCCGGCTCAGTCAATTTTTACCTGAATC 3´. PCR of genomic DNA was 
conducted using PFX high-fidelity Taq-polymerase (Invitrogen) under the following PCR 
cycling conditions: 94 °C for 30s, 94 °C for 15s, 55 °C for 30s, 68 °C for 3 mins and 30 cycles. 
Recombinant clones including each promoter fragment were verified using sequencing and 
mobilized to Agrobacterium tumefaciens strain GV2260 for transformation into potato 
(Solanum tuberosum cv. Désirée). Plant materials were grown in vitro in growth chambers 
(Percival Scientific) set to a 16-h-light (fluence rate of 150 µmol m
-2
 s
-1
) and 8-h-dark cycle 
kept at 27 °C. Soil grown plants were also grown in growth chambers set to the same 
photoperiod but with a fluence rate of 300 µmol m
-2
 s
-1
 and with a 22 °C day temperature and a 
18 °C night temperature.  
 
Histochemical and fluorometric assays 
GUS reporter activity was visualized by incubating excised organs in 5-bromo-4-chloro-3-
indolyl glucuronide (X-gluc) buffer and clearing with ethanol. Samples for histochemical 
analysis were fixed in FAA (formalin aceto-alcohol) using vacuum infiltration and dehydrated 
through an ethanol series for embedding in paraffin. Paraffin sections of approximately 10 µm 
were adhered to glass slides for microscopy and photodocumentation using an Axioplan 
compound light microscope with a color camera mount.  To quantify GUS reporter activity, a 
fluorometric assay was conducted using total soluble protein fractions extracted from frozen 
tissue samples stored at -80 °C. Homogenization of frozen samples was done in extraction 
buffer (50 mM NaPO4 pH 7.0, 10 mM β-mercaptoethanol, 10 mM EDTA, 0.10% sarcosine, 
0.10% Triton X-100) with centrifugation at 13,000 rpm for 10 min at 4 °C. The supernatant 
fraction from each sample was collected for protein quantification (Bradford, 1976) and diluted 
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to approximately 10 µg protein to a total volume of 1.0 ml using extraction buffer (omitting β-
mercaptoethanol) containing 1.0 mM MUG (Sigma: 69602). Upon a 48-h incubation at 37 °C, 
each reaction was stopped by addition of four volumes of stop buffer (0.2 M Na2CO3) and read 
using a fluorometer with an excitation wavelength of 355 nm and an emission wavelength of 
460 nm. GUS activity was calculated using a standard curve for 4-methylumbelliferone and 
normalized using samples from untransformed plants 
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Table 1. Summary of sequence analysis output of cloned StPTB promoters using Plant-CARE 
(Lescot et al., 2002) with conserved elements from tomato orthologs.  
Sequence  No. in promoter 
(No. conserved)  
Function  Name  Reference  
 
StPTB1  StPTB6  
   GATAGGA  1 (0)  1 (1)  Light  GATA  Vorst et al. (1990)  
GGTTAA  4 (0)  4 (2)  Light  GT-1  Vauterin et al. (1999)  
CACGTG  1 (0)  3 (1)  Light  G-box  Wang et al. (1994)  
GATAAG  1 (0)  6 (2)  Light  I-box  Waksman et al. (1987)  
AAAAAATTTC  3 (2)  4 (2)  Heat stress  HSE  Pastuglia et al. (1997)  
CCGAAA  0 (0)  2 (0)  Cold stress  LTRE  Dunn et al. (1998)  
TTGACC  0 (0)  6 (6)  Defense  W-box  Lippok et al. (2007)  
ATTTTCTTCA  4 (1)  2 (1)  Defense  TC-rich  
Diaz-de-leon et al. 
(1993)  
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Table S1. Promoter structure comparison of PTB genes from Arabidopsis (AtPTB3), potato 
(StPTB1 and 6), and tomato (Tomato1 and 2). Promoter structures were constructed by aligning 
full-length mRNA  sequence with genomic sequence  spanning approximately 1.8 kb upstream 
of the transcriptional start site (Upstream region) to the start codon of the coding sequence of 
each gene (5’ UTR). Potato and tomoto genes include intronic sequence (Intron) within 5’ 
UTRs. mRNA  sequences of potato genes were generated using conventional cloning methods 
(Kang et al., unpublished) while sequences from other species are derived from the TAIR 
database (AtPTB3; accession number AT1G43190) or the Sol Genomics Network (Tomato1 
and 2; locus names Solyc12g019750 and Solyc10g080720, respectively).  Values are shown in 
bp.  
Gene Upstream region 5’ UTR Intron 5’ UTR 
AtPTB3 1,876 439 - - 
StPTB1 1,817 40 656 6 
Tomato1 1,890 46 645 6 
StPTB6 1,868 64 1,654 7 
Tomato2 1,894 36 1,571 7 
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Table S2. Identification of conserved cis-regulatory elements within potato (StPTB1 and 6) 
and tomato (Tomato 1 and 2) PTB gene promoters using Plant-CARE. Elements identified in 
each potato promoter were mapped and compared to their tomato ortholog to determine genetic 
conservation of each element. Conservation was scored by a tomato element being within 200 
bp of a potato element of the same type. Percent conservation was calculated by the number of 
conserved elements and total elements within each potato promoter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
2
7
 
 
Name No. in promoter  
% 
conserved  No. in promoter  
% 
conserved  Sequence  Factor  
 
StPTB1  Tomato1  
 
StPTB6  Tomato2  
   Box I  3  4  33  3  7  33  TTTCAAA  Light  
Box IV  3  4  33  5  2  20  ATTAAT  Light  
GTI  4  1  0  4  5  50  GGTTAA  Light  
GAG-motif  1  0  0  1  1  100  GGAGATG  Light  
GA-motif  0  0  0  1  3  100  ATAGATAA  Light  
CATT-motif  0  0  0  1  1  100  GCATTC  Light  
I-box  1  0  0  6  5  33  ATGATATGA  Light  
G-box  1  1  0  3  2  33  CACGAC  Light  
TCT-motif  2  1  50  5  3  20  TCTTAC  Light  
ERE  2  2  50  1  1  0  ATTTCAAA  Ethylene  
ABRE  1  1  0  1  1  100  GCCACGTACA  ABA  
GARE  1  1  100  2  1  50  AAACAGA  GA  
TCA-
element  
4  1  25  4  3  50  CCATCTTTTT  GA  
TC-rich  4  1  25  2  2  50  ATTTTCTTCA  Defense  
W-box  0  0  0  6  8  100  TTGACC  Defense  
ARE  2  3  100  2  3  50  TGGTTT  Aerobic  
HSE  3  4  67  4  3  50  AAAAAATTTC  Heat  
MBS  2  3  100  6  5  50  TAACTG  Drought  
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Figure Legends 
Figure 1. Organization of cloned promoter sequences of StPTB1 (A) and StPTB6 (B) genes. 
Promoters include an approximate 1.8 kb upstream region (bold line), 5’ UTR (box), intronic 
sequence (discontinuous line), and start codon of the open reading frame (bent arrow) fused to 
the GUS reporter. Arrows below each promoter represent primers used to direct PCR for 
cloning. The scale bars represent 1 kb with indicated lengths in bp.  
 
Figure 2. GUS activity of potato plants transformed with StPTB1prom (A-C) and StPTB6prom 
(D-E) constructs. Two-week old in-vitro grown plants (A, E) grown to approximately 5.0 cm 
in height are shown with terminal leaflets (B, D) and roots (C, F) of eight-week old soil-grown 
plants. Plant materials were stained using 5-bromo-4-chloro-3-indolyl-β-D-GlcUA (X-gluc) for 
16 hr at 37°C immediately after harvesting and cleared using 70% ethanol. Consistent staining 
patterns were observed across strong staining lines for each construct with materials from 
representative lines shown.  
 
Figure 3. Tissue-specific activity within roots (A) and stems (B-C) of StPTB1prom (gray bars) 
and StPTB6prom (black bars) transgenic lines.  Primary (1°) root materials from eight-week old 
soil-grown StPTB1prom plants were stained and embedded in paraffin for preparation of 
transverse sections and histochemical detection of GUS activity (A). Quantification of GUS 
activity within primary and secondary (2°) roots of both constructs was also conducted using a 
fluorometric assay with 4-methylumbelliferyl-β-D-glucuronide (MUG) as substrate (graph in 
A). GUS activity within stems of a similar developmental stage of both StPTB1prom (B) and 
StPTB6prom (C) constructs were examined using photodocumentation of approximately 1.0 mm 
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hand-sections and fluorometric quantification of internodes from upper (third from shoot apex) 
and lower (fifth from stem base) positions of the stem (graphs in B-C). Staining in stem ridges 
are indicated by the arrow in (C). GUS activity is expressed as nmol 4-methylumbelliferone hr
-
1
 ug
-1 
protein. Standard errors of the means of three replicate samples of representative lines are 
shown with asterisks indicating significant differences (p<0.05) between tissues of the same 
construct using a student’s t-test. The scale bars represent 100 µm in (A) and 1.0 mm in (B-C).   
 
Figure 4. Localization of GUS activity within stems of StPTB1prom (A-B) and StPTB6prom (C-
D) transgenic lines. Stem internodes of four-week old soil grown plants were embedded in 
paraffin for histochemical detection of GUS activity within tissues of the stem. Panel (A) is a 
cross-section of StPTB1prom with a higher magnification image of a vascular bundle in (B) 
showing xylem (Xy) and internal (IP) and external (EP) phloem tissues. Panels (C-D) are 
higher magnification images of a cross-section of StPTB6prom showing a vascular bundle in (C) 
and interfascicular region in (D) with activity within intrusive growth of axial phloem (arrows). 
The scale bars represent 200 µm in (A) and 100 µm in (C-D).  
 
Figure 5. Localization of GUS activity within petioles and leaves of StPTB1prom (A-B) and 
StPTB6prom (C) transgenic lines. Petioles from four-week old soil-grown plants of StPTB1prom 
(A-B) and leaves of two-week old in-vitro plants of StPTB6prom (C) were embedded in paraffin 
for histochemical detection of GUS activity within petiole and leaf tissues. Panel (B) is a cross-
section of StPTB1prom with a higher magnification image of a vascular bundle in (A) showing  
xylem (Xy) and adaxial (AdP) and abaxial (AbP) phloem with companion cells (cc) and sieve 
elements (se). Panel (C) is a cross-section of StPTB6prom showing the midvein and adjacent leaf 
30 
 
 
blades with strong staining in the epidermis (Ep), palisade (PP), and spongy (SP) parenchyma 
tissues. The scale bars represent 20 µm in (A), 200 µm in (B), and 100 µm in (C).   
 
Figure 6. GUS activity within stolon and tubers of StPTB1prom (A, left column ) and 
StPTB6prom (A, right column) transgenic lines. Stolons and tubers of various developmental 
stages from eight-week old soil-grown transgenic plants of StPTB1prom (B, gray bars) and 
StPTB6prom (B, black bars) were quantified to assess promoter activity. Two stages of stolon 
development designated “s1” and “s2” in panel (A) correspond to early and enlarged stolon 
stages, respectively. The two tuber developmental stages designated “t1” and “t2” correspond 
to new and bulking tuber stages, respectively. Similar materials from were used for 
quantification (B) and are shown as means of three replicate samples from four plants with 
standard errors. The presence of two complete and one incomplete TSSR elements (TSSR1-3, 
C) were discovered upstream of the StPTB6 transcriptional start site (arrow) based on cis-
regulatory elements described in the promoters of patatin and proteinase-inhibitor II genes 
(Grierson et al., 1994). An alignment of TSSR2 of the StPTB6 promoter and the proximal 
TSSR of pat-1 are shown with asterisks indicating positions of identity (D). The boxed 
sequences correspond to cis-elements within the B and A motifs conferring tuber-specificity 
and sucrose responsiveness, respectively. The bold sequence (D) designates a third element 
responsible for transcriptional repression in other organs. % GUS activity was normalized to 
early stolon activity of StPTB6prom. The scale bar in (A) represents 1.0 mm.  
 
Figure 7. Influence of excessive cold (A), heat (B), light (C), and sucrose (D) on StPTB1prom 
(gray bars) and StPTB6prom (black bars) transgenic lines. Terminal leaflets of eight-week old 
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soil-grown plants (A-C) or in vitro stem sections (D) were incubated in MS media for use in 
response assays. Leaflets were kept in MS media + 2% sucrose for 12 hours at 27°C in the dark 
(0 hr) and exposed to excessive cold (4°C, A), heat (37°C, B) and light (100 µmol m
-2
 s
-1
, C) 
for 12 and 24 hrs. Stem sections approximately 1.0 cm in length were kept in MS + 10% 
sucrose in the dark (D) for 2, 10 and 20 days. % GUS activity was normalized to 0 hr (A-C) or 
2 day (D) measurements. Standard errors of the means of three biological replicates are shown 
with asterisks indicating significant differences (p<0.05) from time 0 measurements using a 
student’s t-test. One representative line of two tested for each construct is shown. Replicate 
lines showed similar results.  
 
Figure 8. Wounding effects on StPTB1prom and StPTB6prom activity. Petioles from eight-week 
old soil-grown transgenic plants were excised and subjected to wounding treatments by 
macerating with forceps in 0.5 cm increments. Wounded materials were assayed for GUS 
activity by staining with X-gluc (left panels) and quantified using methods described in Figure 
7. The solid line represents StPTB6prom and the dashed line StPTB1prom with activity shown on 
primary and secondary y-axes, respectively. Data points are means of three replicate assays 
from pooled samples of three plants with standard errors shown. GUS activity is expressed as 
nmol 4-methylumbelliferone hr
-1
 ug
-1 
protein. Similar results were obtained when wounding 
with a razor blade.  
 
Figure S1. Genomic PCR of in vitro potato plants transformed with StPTB1prom (top) and 
StPTB6prom (bottom) constructs using nptII-specific primers. 30 transgenic events from each 
32 
 
 
construct able to root on kanamycin media were screened using PCR to identify stability 
transformed lines. Positives were further propagated and screened using X-gluc staining.  
 
Figure S2. Screen of StPTB1prom (left panels) and StPTB6prom (right panels) transgenic lines 
using X-gluc staining of whole in vitro plants. Lines positive for PCR were screened by 
staining with X-gluc for 16 hr to determine relative consistency and intensity of GUS staining 
across lines of the same construct. Materials were grown two-weeks in vitro prior to staining 
and were evaluated in triplicate. Shown are the six representative lines chosen for further 
analysis.  
 
Figure S3. Alignment of conserved TSSR elements within potato and tomato PTB gene 
promoters. Three functional TSSR elements have been reported from the analysis of the patatin 
promoter with locations starting -143, -226 and -930 bp upstream of the transcriptional start 
site (Grierson et al. 1994). Similarly, three TSSR elements were discovered within the 
promoters of StPTB6, at locations -192, -265 and -992 bp, and its tomato ortholog, Tomato2, at 
locations -218, -291 and -1,003 bp. Each site was numbered based on its relative location to the 
transcriptional start site and aligned with the proximal -226 bp TSSR element from patatin. 
The boxed sequences on the left and right correspond to cis-elements known to confer tuber-
specificity and sucrose responsiveness, respectively, with the intervening bolded sequence 
designating a third element responsible for transcriptional repression in other organs. Asterisks 
indicate positions of identity. 
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CHAPTER 3. GENERAL CONCLUSIONS 
 
The potato genome contains six PTB-like genes based on current annotations of the Potato 
Genome Sequence Consortium (PGSC) database. Two of which, StPTB1 and -6 are closely 
related to CmRBP50 and potentially function as chaperones of mobile RNA in potato. In this 
study, the upstream sequences of these two genes were evaluated in promoter::GUS transgenic 
lines. The results of this study suggest the involvement of PTBs in long-distance signaling and 
tuber formation in potato.  
Sequence from the PGSC database was used to clone the upstream sequence of StPTB1 and 
-6. Alignments of each genomic sequence with full-length cDNA revealed characteristic gene 
structures conserved with tomato orthologs of each gene. As a result, StPTB6 and its tomato 
ortholog include an extra kilobase of intronic sequence within its 5’ UTR compared to StPTB1. 
5’ UTR introns are common among plant genes and their lengths have been positively 
correlated with promoter strength (Chung et al., 2006; Lu et al., 2007). The overall staining 
intensity and environmental response of StPTB6prom in relation to StPTB1prom lines support this 
premise.  
In addition to intensity, the staining patterns of each promoter were notably different and 
seemed to complement each other in most organs. Leaves presented the most compelling 
example of this complementary expression, with discrete StPTB1 activity throughout phloem 
tissues of vascular bundles and diffuse StPTB6 activity within ground tissues of adjacent leaf 
blades. The activity of StPTB6 in leaf blades supports its responsiveness to environmental 
factors, such as light and heat. Furthermore, strong induction of StPTB6 activity was observed 
in petioles after 24 hours of wounding, suggesting a role in abiotic stress. Complementary 
expression and differential responsiveness is common among closely related genes and may be 
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the result of divergent evolution to acquire new function (Lynch and Conery, 2000; Wolfe, 
2001).    
Tuber-bearing species of potato have acquired the ability to tuberize under certain 
conditions by tightly controlling gene expression in developing stolons (Hannapel et al., 2004; 
Jackson, 1999). Although much is known about the transcriptional events controlling this 
process, little is known about related post-transcriptional events (Crookshanks et al., 2001; 
Fernández-del-Carmen et al., 2007; Hannapel, 1990; Kazan, 2003; Kloosterman et al., 2005). 
In Arabidopsis, PTBs were shown to act in splicing and translational repression to potentially 
mediate proper pollen tube development in knock-out lines (Wang and Okamoto, 2009; 
Stauffer et al., 2010). Potato PTBs may play a similar role in reproduction by directing their 
expression to the early stages of tuber development. StPTB6 expression is most active in 
induced stolons and is sensitive to high levels of sucrose. Furthermore, StPTB6 and its tomato 
ortholog have conserved cis-elements to explain this pattern of expression.  
The function of RNA-binding proteins, such as PTBs in plant growth and development is 
under investigation (Kazan, 2003; Lorković, 2009). The analysis of CmRBP50 has shed light 
on the potential role of PTBs in phloem mobile RNA/protein complexes and has led to the 
investigation of PTB genes in potato. From this study, a model has been proposed for the 
paired function of StPTB1 and -6 in the delivery of mobile RNA, such as StBEL5. This model 
is based on the complementary expression of each gene in leaf tissues and the activity of 
StPTB6 in both source and sinks tissues. Additional studies will need to be conducted to assess 
dependence of StBEL5 function on these proteins.   
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APPENDIX A. SUPPLEMENTAL TABLES 
 
Appendix Table S1. Screen summary of StPTB1prom and StPTB6prom lines using X-gluc 
staining.  
 
 
Appendix Table S2. Density of cis-elements in StPTB1 and -6 promoters. Density was 
calculated by number of elements (elements) divided by length (length) in kb. The “upstream 
region” includes approximately 1.8 kb upstream of the transcriptional start site, and the 
“intron+5’UTR” includes the sequence spanning from the transcriptional start site to the 
beginning of the coding sequence of each gene. The overall higher density of elements (total) 
of StPTB6 can be explained by the enrichment of elements within the upstream region. 
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APPENDIX B. SUPPLEMENTAL FIGURES 
 
Appendix Figure S1. Localization of GUS activity within stem cross-sections of StPTB1prom. 
The right panel shows the area boxed in the left panel under higher magnification. The bottom 
panel is an enlarged image of the area boxed in the right panel. Internal phloem (IP) has 
staining in companion cells (cc), but not sieve elements (se).  
 
Appendix Figure S2. Localization of GUS activity within stem cross-sections of StPTB6prom. 
The right panel shows the area boxed in the left panel under higher magnification. Arrows 
show staining in sclerenchyma cells of interfascicular phloem.  
 
Appendix Figure S3. Localization of GUS activity within petiole cross-sections of 
StPTB6prom. The right panel shows the area boxed in the left panel under higher magnification. 
Staining was strongest within epidermal and meshophyll tissues of rachis. 
 
Appendix Figure S4. Localization of GUS activity within stolon tips of StPTB1prom (left) and 
StPTB6prom (right). Staining was strongest within the vascular ring and phloem tissues of 
StPTB1prom and the pith of StPTB6prom. 
 
Appendix Figure S5. Promoter activity in tuber sprouts of StPTB1prom. Strong staining in 
axillary buds (arrows) and shoot tips (left panel).  
 
Appendix Figure S6. Promoter activity in tuber sprouts of StPTB6prom. Strong staining in 
axillary buds (arrows), shoot tips (left panel), and leaves.  
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Appendix Figure S7. Sucrose induction assays using petioles and stolons of StPTB1prom (gray 
bars) and StPTB6prom (black bars) lines. Materials were harvested using methods described in 
Figure 6 and subjected to 2% and 10% sucrose for 20 days. % GUS activity was normalized to 
0 d measurements. Standard errors of the means of three biological replicates are shown. 
StPTB6prom was more strongly induced in hooked stolons compared to petioles. 
 
Appendix Figure S8. Drought responsiveness of StPTB1prom (gray bars) and StPTB6prom (black 
bars) lines. Terminal leaflets of eight-week old soil-grown plants were harvested from plants 
not watered for 12 and 20 days for use in response assays. % GUS activity was normalized to 0 
d measurements. Standard errors of the means of three biological replicates are shown.  
 
Appendix Figure S9. Hormone induction assays using leaves (black and white bars) and 
stolons (black and white dotted bars) of StPTB1prom (white and black dotted bars) and 
StPTB6prom (black and white dotted bars) lines. Materials were harvested using methods 
described in Figure 6 and subjected to 10 µM (ABA and GA3) and 100 µM (Paclobutrazol, 
Pac) MS+2% sucrose liquid media, harvesting after various time-points. % GUS activity was 
normalized to MS+2% sucrose controls. Standard errors of the means of three biological 
replicates are shown. StPTB6prom showed differential regulation in response to GA (repression) 
and antagonists of GA (induction) in line with its expression in tuberizing stolons and wounded 
tissues.  
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Appendix Figure S10. Influences of light quality on StPTB6 expression. Three-week old in 
vitro plantlets of StPTB6prom were grown for two-weeks in either normal growing conditions 
(LD) or in the dark (Dark) and subjected to white, red (680 nm), far red (750 nm), and blue 
(470 nm) light for 24-hours and harvested. Light intensities for LD/white and the light 
treatments were 150 µmol m
-2
 s
-1
 and 1 µmol m
-2
 s
-1
, respectively. GUS activity is expressed as 
nmol 4-methylumbelliferone hr
-1
 ug
-1 
protein. Standard errors of the means of three replicate 
samples of representative lines are shown. Both far red and blue light restore StPTB6 activity to 
white light levels whereas red maintained levels similar to dark, suggesting induction by far red 
and blue light.  
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